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Abstract 
In order to investigate the fire safety of buildings underground, the fire influencing factors of underground buildings were analyzed and 
based on which established the assessment index system including four main factors (fire-proof capacities, fire-fighting capacities etc.). 
By analyzing the grey relational grades between each comparative sequence based on index system and the reference sequence, the safety 
levels of each factor and the system as a whole were obtained according to the grey incidence matrix. A case study of an underground 
parking of Beijing Union Medical College Hospital was conducted with this method. The results accorded well with the facts and 
provided a strong backup for updating the firefighting facilities and assessing the fire safety. The case study also proved the method itself 
scientific, simple, and practical in the use of fire safety assessment of buildings underground. 
 
© 2012 The Authors. Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Beijing Institute of 
Technology. 
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1. Introduction 
With the rapid expansion of the urban population and the increasingly tense land resources, the development and 
utilization of spaces underground have been in the focus of attention in recent years. Public buildings underground are 
usually multi-purposed serving two or more functions because of their features of large scale and the capacity to 
accommodate large numbers of people. However, once caught on fire, they are usually in greater danger than buildings 
above ground due to their confined space construction, high occupant density and lack of exports. Fire happened in an 
underground parking of Beijing Union Medical College Hospital in October 26th, 2000 is a typical example of fire 
underground. This accident was caused by welding sinter which ignited the polystyrene insulation materials and led to more 
than 30 people in trap, 500 square meters on fire and heavy casualties and losses. Therefore, in order to get a full 
understanding of the fire risks of buildings underground and to make a control and amelioration, it is of great importance to 
conduct comprehensive safety evaluations of buildings underground using proper methods. 
At present, the most commonly used evaluation methods are fuzzy theory, neural networks theory, catastrophe theory, 
programming simulation and grey relational theory. Fuzzy theory was applied in BAO’s research[1] by evaluating an 
underground shopping center. The process of determining the risk parameters was somewhat subjective which could be 
greatly influenced by the backgrounds and knowledge of experts. The problem also existed in M. N. Ibrahim’s work[2] to a 
heritage building in Malaysia. The neural networks theory utilized by YUE[3] to a shopping center underground indicated 
that large numbers of iterations would made convergence much slower than it could be. And at the same time, it was 
difficult to operate taking into account the large data grayscale and errors in the existing database in China. XU et al.[4] 
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conducted an fire assessment to an underground parking by means of programming simulation in which the development of 
fires under different working conditions were analyzed by controlling the parameters of temperature diffusion and flue gas 
respectively. Though efficient and practical, it cannot provide readers a full understanding and comprehensive views of the 
fires underground. 
Fire safety assessment system is a non-linear grey system, consisting of multi-factors and complex hierarchy, in which 
the information of the overall structure can be acquired as well as the internal facilities, evacuation systems and the fire 
regulations, while the interactions between them remain mysterious. In this article, we utilize the grey relational analysis to 
a case of the underground parking of Beijing Union Medical College Hospital before the fire accident, and aim to make a 
comprehensive fire safety assessment to facilitate the updating of the firefighting facilities and provide a basis for fire safety 
ranking. 
2. Methodology 
The grey relational analysis[5] is part of grey system theory. It is an analytical method to measure the internal 
relational degrees between multiple sequences, which are called correlation degree. The grey relational analysis can be 
carried out as follow. 
2.1. Reference and comparative sequences 
The reference sequences (or mother sequences) and the comparative sequences (or sub-sequences) have to be 
determined at first step, which are the basis of analyzing. 
Set reference sequence as follows 
0 0 0 0{ (1), (2), ..., ( )}X x x x n                                                                          (1) 
Set comparative sequences as follows, which are comparative data series to reference sequences X0(k). 
                                                                          1 2( ) { ( ), ( ), ..., ( )}i mX k X k X k X k                                                                     (2) 
where the number of the comparative sequences is m, which represents the number of the evaluation criteria, and i=1,2,…m, 
k=1,2,…n. 
2.2. Dimensionless  
Numbers of different dimensions cannot be compared or calculated directly. So it is necessary to eliminate the 
dimensions and make it comparable. The new dimensionless sequences are named {Yi(k)}, where i=1,2,…m, k=1,2,…n. The 
process of dimensionless is as follows: 
When the system is more dangerous with greater index score, the new dimensionless reference sequence is calculated 
with 
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When the system is safer with greater index score, the new dimensionless reference sequence is calculated with 
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        The new dimensionless comparative sequences are calculated with 
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2.3. Correlation coefficient between indexes 
As to a certain reference sequence, there are a few comparative sequences to compare with. In order to acquire the 
relevance of each comparative sequence and the reference sequence in k criterion, correlation coefficient 0,i (k) is 
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introduced and calculated as 
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where i=1,2,…m, k=1,2,…n; is the distinguish coefficient, values between (0,1), usually taken as 0.5. 
2.4. Correlation degree 
Correlation degree is defined as weighted average of the correlation coefficient sequences, which is calculated as 
                                                                                          0, 0,
1
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ki ik
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where i=1,2,…m, k=1,2,…n; k is the weight, and 
1
1
n
k
k
, 0 k 1. 
By comparing and analyzing the correlation degrees, the results of a comprehensive fire safety assessment of buildings 
underground are acquired. Usually, the safety level is corresponding to the comparative sequence with the biggest 
correlation degree. 
3. Index system of fire safety assessment on underground buildings 
A scientific, objective and comprehensive assessment index system of underground buildings is essential to the whole 
evaluation. By taking into account the design specifications for fire protection of underground spaces, fire prevention 
measures[6] and previous fire accident cases, we established the assessment index system and corresponding weights in 
Table 1. The system includes four main aspects[7]: (1) fire-proof capacities; (2) fire-fighting capacities; (3) evacuation 
system and (4) fire safety management. 
 Table 1. Index system of fire safety assessment on underground buildings 
Level 1 
Weight 
1 
Level 2 
Weight 
2 
Unit 
Fire-proof capacities 
C1 
0.30 
fire resistance rating of structure C11 0.22  
fire resistance rating of decoration materials C12 0.26  
fire resistance of electrical equipment C13 0.14  
fire load density C14 0.20 kg/m2 
fire compartment C15 0.09 m2 
smoke compartment C16 0.09 m2 
Fire-fighting capacities 
C2 
0.30 
automatic fire alarm system C21 0.34  
automatic sprinkler system C22 0.26  
fire hydrant and fire extinguishers C23 0.28  
ventilation and exhaust systems C24 0.12  
Evacuation system 
C3 
0.28 
width of emergency exits C31 0.33 m 
number of emergency exits C32 0.26 a 
personnel distribution C33 0.15 people/m2 
safe evacuation distance C34 0.09 m 
safety evacuation signs and emergency lighting system C35 0.17  
Fire safety management 
C4 
0.12 
establish and implementation of regulations C41 0.21  
maintenance of fire safety facilities C42 0.30  
education and training C43 0.18  
emergency drill C44 0.13  
acquaintance of safety knowledge and skills C45 0.18  
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4. Case analysis 
A case study is conducted using grey relational analysis. The subject is an underground parking of Beijing Union 
Medical College Hospital, which was under construction before the fire accident. There were more than 200 construction 
workers and 100 beds for temporary shed and a large number of flammable and combustible decorative materials in the two 
stories underground. There were total nine floors in use as offices on the ground and three stories underground, which was 
1100 square meters respectively. The main building was a concrete structure. Surrounding the building, there were a 
theological seminary in the east, an emergency building in the south and a boiler house of the hospital in the west. There 
was a circular fire channel around the building, which was too narrow and not conducive to large fire vehicles. 
The scores of the index system in different safety levels are determined, as shown in table 2, according to the above 
situation and Chinese regulations, like Fire Protection Design of Civil Air Defense Works (GB50098-98) and Fire Safety 
regulations of Architectural Design (GB50016-2006). Meanwhile, according to the data provided by Beijing Municipal Fire 
Administration, there were no any fixed firefighting facilities on spot, such as automatic fire alarm system, ventilation and 
exhaust systems; nor any emergency drills. Thus the corresponding scores in Table 2 are set zero. The number of fire 
hydrants and fire extinguishers was 7, and the occupant density was 0.02 people per square meter at that time being.  
Table 2. Scores of safety levels and case of the index system 
Level 1  Level 2 Excellent Good Fair Pass Poor Case
Fire-proof capacities 
C1 
fire resistance rating of structure C11 1 1.5 2 3 3.5 2.5 
fire resistance rating of decoration materials C12 1 1.5 2 3 3.5 1.5 
fire resistance of electrical equipment C13 1 1.8 2.5 3 3.5 2 
fire load density C14 10 20 30 40 50 35 
fire compartment C15 300 500 800 1000 1500 1100
smoke compartment C16 500 1000 1500 2000 3000 1100
Fire-fighting capacities 
C2 
automatic fire alarm system C21 30 25 20 15 10 0 
automatic sprinkler system C22 30 25 20 15 10 5 
fire hydrant and fire extinguishers C23 40 35 25 20 15 7 
ventilation and exhaust systems C24 1 0.8 0.6 0.4 0.2 0 
Evacuation system 
C3 
width of emergency exits C31 2 1.7 1.5 1.3 1.2 2 
number of emergency exits C32 5 4 3 2 1 4 
personnel distribution C33 0.1 0.5 1.0 1.5 2.0 0.02
safe evacuation distance C34 24 26 29 35 40 24 
safety evacuation signs and emergency lighting system C35 35 30 24 10 5 0 
Fire safety management 
C4 
establish and implementation of regulations C41 1 0.8 0.6 0.4 0.2 0.2 
maintenance of fire safety facilities C42 1 0.8 0.6 0.4 0.2 0 
education and training C43 1 0.8 0.6 0.4 0.2 0.3 
emergency drill C44 1 0.8 0.6 0.4 0.2 0 
acquaintance of safety knowledge and skills C45 1 0.8 0.6 0.4 0.2 0.8 
4.1. Reference and comparative sequences establishment 
As shown in Table 1 and 2, there are 20 indexes as a whole, and can be divided into 4 groups by two steps of grey 
relational analysis. 
The reference sequence is 
0 [2.5,1.5, 2, 35,1100,1600, 0, 5, 7, 0, 2, 4,1, 24, 0, 0.2, 0, 0.3, 0, 0.8]X  
The matrixes of corresponding reference and comparative sequences of each group are as follows. 
fire-proof capacities                                                                  fire-fighting capacities 
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1
2.5 1.5 2 35 1100 1100
1 1 1 10 300 500
1.5 1.5 1.8 20 500 1000
2 2 2.5 30 800 1500
3 3 3 40 1000 2000
3.5 3.5 3.5 50 1500 3000
X ,                                             2
0 5 7 0
30 30 40 1
25 25 35 0.8
20 20 25 0.6
15 15 20 0.4
10 10 15 0.2
X , 
evacuation system                                                                   fire safety management 
3
2 4 0.02 24 0
2 5 0.1 24 35
1.7 4 0.5 26 30
1.5 3 1 29 24
1.3 2 1.5 35 10
1.2 1 2 40 5
X ,                                                             4
0.2 0 0.3 0 0.8
1 1 1 1 1
0.8 0.8 0.8 0.8 0.8
0.6 0.6 0.6 0.6 0.6
0.4 0.4 0.4 0.4 0.4
0.2 0.2 0.2 0.2 0.2
X . 
4.2. Dimensionless  
After dimensionless of matrixes X1~X4 by Equations (3)- (5), new dimensionless matrixes are acquired as
1
0.4000 0.8000 0.6000 0.3750 0.3333 0.7600
1 1 1 1 1 1
0.8000 0.8000 0.6800 0.7500 0.8333 0.8000
0.6000 0.6000 0.4000 0.5000 0.5830 0.6000
0.2000 0.2000 0.2000 0.2500 0.4167 0.4000
0 0 0 0 0 0
Y , 2
0 0 0 0
1 1 1 1
0.75 0.75 0.80 0.75
0.50 0.50 0.40 0.50
0.25 0.25 0.20 0.25
0 0 0 0
Y ,
 
3
1 0.7500 1 1 0
1 1 1 1 1
0.6250 0.7500 0.7890 0.8750 0.8333
0.3750 0.5000 0.5260 0.6875 0.6333
0.1250 0.2500 0.2630 0.3125 0.1667
0 0 0 0 0
Y ,                            4
0 0 0.125 0 0.750
1 1 1 1 1
0.750 0.750 0.750 0.750 0.750
0.500 0.500 0.50 0.500 0.500
0.250 0.250 0.25 0.250 0.250
0 0 0 0 0
Y . 
4.3. Primary safety assessment  
According to Equation (3), matrixes of correlation coefficients are calculated as E1-E4. 
 
1
0.4000 0.6667 0.5000 0.3902 0.3750 0.6250
0.5000 1 0.8333 0.5161 0.4444 0.9091
0.6667 0.6667 0.6667 0.7619 0.6157 0.7143
0.6667 0.4000 0.5000 0.7619 0.8275 0.5263
0.5000 0.3333 0.4000 0.5161 0.5455 0.3448
E ,              2
0.3333 0.3333 0.3333 0.3333
0.4000 0.4000 0.3846 0.4000
0.5000 0.5000 0.5556 0.5000
0.6667 0.6667 0.7143 0.6667
1 1 1 1
E , 
 
3
1 0.6667 1 1 0.3333
0.5714 1 0.7032 0.8000 0.3750
0.4444 0.6667 0.5133 0.6154 0.4412
0.3636 0.5000 0.4042 0.4211 0.7500
0.3333 0.4000 0.3333 0.3333 1
E ,                            4
0.3333 0.3333 0.3636 0.3333 0.6667
0.4000 0.4000 0.4444 0.4000 1
0.5000 0.5000 0.5714 0.5000 0.6667
0.6667 0.6667 0.8000 0.6667 0.5000
1 1 0.8000 1 0.4000
E . 
When applied with the weights of each indexes in Table 1, correlation degrees 1 11 4~R R  and safety rankings of primary 
safety assessment are acquired by Equation (7), as shown in Table 3.  
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Table 3. Correlation degrees and safety ranking of each group index 
Level 1 
Comprehensive correlation degrees and safety ranking 
1( 1, 2,3, 4)iR i  
Primary Correlation degrees and safety ranking
R  
Fire-proof 
capacities 
[0.4994 0.7117 0.6854 0.5949 0.4360]  
Good 
0.5217 0.5873 0.5731 0.5950 0.6634
Poor 
Fire-fighting 
capacities 
[0.3333 0.3957 0.5156 0.6800 1] 
Poor 
Evacuation system 
[0.8000 0.6898 0.5274 0.4760 0.4640]  
Excellent 
Fire safety 
management 
[0.3988 0.5160 0.5429 0.6607 0.8560]  
Poor 
 
4.4. Comprehensive safety assessment  
In order to acquire the comprehensive correlation degrees R  and system safety ranking, 1 11 4~R R  are combined to form a 
correlation matrix R1 as follows. 
1 1 1 1
1 2 3 4
1
0.4994 0.7117 0.6854 0.5949 0.4360
0.3333 0.3957 0.5156 0.6800 1
[ , , , ]
0.8000 0.6898 0.5274 0.4760 0.4640
0.3988 0.5160 0.5429 0.6607 0.8560
R R R R R  
The weights of the four group indexes are 
1 [0.30 0.30 0.28 0.12]  
The comprehensive safety assessment is finally obtained as 
0.5217 0.5873 0.5731 0.5950 0.6634R  
According to the above results, the underground parking of Beijing Union Medical College Hospital is in “Poor” safety 
condition, which is vulnerable to fire accidents. Meanwhile, we can conclude from Table 3 that the fire-fighting capacities 
and fire safety management of the underground parking are both in poor conditions, which is consistent with the actual 
situation illustrated above. Thus, when under construction, it is still necessary and mandatory to establish a complete set of 
firefighting facilities, such as automatic fire alarm system, ventilation and exhaust systems and the like. And also 
regulations and fire plans should be formulated; fire emergency drills should be enforced, especially aimed at construction 
workers. 
5. Conclusions 
(1) In this work, the underground parking of Beijing Union Medical College Hospital is comprehensively assessed by 
grey relational analysis and the results of comprehensive safety assessment of the system are obtained, which accord well 
with the actual situation, and prove the method effective, practical in application of fire risk assessment of underground 
buildings. 
(2) When under construction, the underground buildings usually have much higher risk of fire than normal because of 
lacking for firefighting facilities, such as automatic fire alarm systems, ventilation and exhaust systems, fire extinguishers 
emergency lights and the like. The pileup of large quantities of flammable and combustible materials and weak awareness 
of construction workers on fire control also contribute to the danger. Therefore, fire risks during construction of 
underground buildings should be checked timely and fire safety assessment should be conducted in each phase of 
construction, before taking necessary measures for weak links. 
(3) The main idea of grey relational analysis applied in the area of fire safety assessment of buildings underground is 
that, by analyzing the grey relational grades between each comparative sequence based on index system and the reference 
sequence, the safety levels of each index and the system as a whole are obtained. This method has a clear concept, and is 
easy to conduct and programming. The results are direct, reliable and easy to generalize. Besides, the grey relational 
analysis is applicable to multi-level systems. 
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